In Brief
Understanding how HIV-1 VRC01-class broadly neutralizing antibodies overcome maturation barriers is key for vaccine development. Bonsignori et al. inferred the unmutated common ancestor of the VRC01 lineage, reconstructed the stages of lineage maturation, and identified multiple solutions adopted by evolving B cells to overcome the N276 glycan barrier and achieve broad neutralization.
SUMMARY
Elicitation of VRC01-class broadly neutralizing antibodies (bnAbs) is an appealing approach for a preventative HIV-1 vaccine. Despite extensive investigations, strategies to induce VRC01-class bnAbs and overcome the barrier posed by the envelope N276 glycan have not been successful. Here, we inferred a high-probability unmutated common ancestor (UCA) of the VRC01 lineage and reconstructed the stages of lineage maturation. Env immunogens designed on reverted VRC01-class bnAbs bound to VRC01 UCA with affinity sufficient to activate naive B cells. Early mutations defined maturation pathways toward limited or broad neutralization, suggesting that focusing the immune response is likely required to steer B cell maturation toward the development of neutralization breadth. Finally, VRC01 lineage bnAbs with long CDR H3s overcame the HIV-1 N276 glycan barrier without shortening their CDR L1, revealing a solution for broad neutralization in which the heavy chain, not CDR L1, is the determinant to accommodate the N276 glycan.
INTRODUCTION
The development of a preventative HIV-1 vaccine is a global health priority. Among the known sites of vulnerability of the HIV-1 envelope glycoprotein (Env), the CD4-binding site (CD4bs) is an appealing target because the requirement for receptor engagement with CD4 limits its variability. VRC01 is a potent CD4bs broadly neutralizing antibody (bnAb) and is the prototype for the VRC01-class of bnAbs Wu et al., 2010 Wu et al., , 2011 Zhou et al., 2013 Zhou et al., , 2015 . VRC01-class bnAbs protect animals from experimental HIV-1 or SHIV challenge and can transiently reduce plasma viremia in both non-human primates and chronically HIV-1-infected individuals (Balazs et al., 2014; Barouch et al., 2013; Caskey et al., 2015; Lynch et al., 2015; Pegu et al., 2014; Pietzsch et al., 2012; Rudicell et al., 2014; Shingai et al., 2014) . Despite an extraordinary accumulation of somatic mutations, VRC01-class bnAbs adopt similar structures and retain a similar angle of approach to engage the CD4bs Klein et al., 2013; Scharf et al., 2013; Scheid et al., 2011; Wu et al., 2011; Zhou et al., 2010 Zhou et al., , 2013 Zhou et al., , 2015 . Moreover, V H allele usage of VRC01-class bnAbs is restricted to V H 1-2*02, and light chains are restricted to unusually short complementarity-determining region (CDR) L3s of 5 amino acids (aa) West et al., 2012; Zhou et al., 2013) . These predictable characteristics set boundaries useful to guide immunogen design, making the VRC01-bnAb class a particularly attractive target.
The first step to initiate bnAb lineage maturation is to engage naive B cells expressing the unmutated IgH and IgL precursor, referred to as the ''unmutated common ancestor'' (UCA) of the lineage (Haynes et al., 2012; Kepler et al., 2014) . The high levels of somatic hypermutation (SHM) and of insertions and deletions (indels) among the observed members of the VRC01 clone have posed a significant challenge to accurately infer the VRC01 lineage UCA. To design immunogens that engage VRC01-class bnAb unmutated precursors, the field has instead used ''germline-reverted'' (GL) versions of individual VRC01-class bnAbs in which either the IgH and IgL V gene segments or both the V and J gene segments were reverted to the respective templated germline sequences. Here, we will refer to these GL mAbs as ''V.Rev'' and ''VJ.Rev,'' respectively. Practically, the GL versions of VRC01-class bnAbs retain the somatically mutated CDR H3s of the mature bnAb of reference. However, the importance of an accurate inference of the CDR H3 is underscored by recent findings indicating that, among VRC01-class bnAb precursors, the CDR H3 plays a more predominant role in HIV-1 gp120 envelope glycoprotein (Env) recognition than once thought (Yacoob et al., 2016) . Nonetheless, this approach has yielded the design of multiple immunogens that bind to GL VRC01-class monoclonal antibodies (mAbs). Gp120 Env outer domain proteins (i.e., eOD-GT6 and eOD-GT8) activate putative VRC01-class B cell precursors in transgenic mice and have been used to isolate putative VRC01 naive B cell precursors from HIV-1-uninfected human subjects (Havenar-Daughton et al., 2018; Jardine et al., 2013 Jardine et al., , 2015 Jardine et al., , 2016a Sok et al., 2016; Tian et al., 2016) . HIV-1 426c Env-derived core proteins, in which the variable loops 1, 2, and 3 were deleted (Dosenovic et al., 2015; McGuire et al., 2016) , as well as a stabilized BG505 Env-derived SOSIP v4.1-GT1 trimer (referred to as ''GT1 trimer'' in this paper) activate germline-reverted VRC01 B cells in knock-in mice.
For all these immunogens, removal of three glycans that partially occlude the CD4bs was necessary to confer binding to the GL VRC01-class mAbs McGuire et al., 2013; Medina-Ramírez et al., 2017) . However, the glycan at position N276 in Env D Loop is present in $95% of circulating HIV-1 strains and most VRC01-class bnAbs evolved to accommodate the N276 glycan by shortening the germline-encoded CDR L1. Vaccination strategies using progressively glycosylated immunogens have succeeded in eliciting serum antibody responses that can neutralize viruses lacking the N276 glycan site, but not those with the N276 glycan site present Tian et al., 2016) . Hence, the genetic determinants and biological roadblocks hindering the induction of VRC01class bnAbs that can accommodate the glycan at N276 remain imprecisely defined, suggesting that a detailed VRC01 B cell lineage genealogy is necessary to inform the design of immunogens that will guide lineage maturation toward full neutralization breadth. By inferring the UCA of bnAb lineages with high probability, antibody maturation pathways can be defined that identify biological barriers to the maturation of these lineages toward neutralization breadth. In turn, these analyses can inform immunogen design and vaccination strategies to overcome such barriers . The challenge of inferring the UCA and maturation intermediate antibodies (IA) of a lineage can be resolved with high probability with a sufficiently large set of clonally related natural heavy (IgH) and light (IgL) chain-paired sequences. Here, we assembled a 45 naturally paired IgH+IgL VRC01 lineage mAbs to reconstruct the VRC01 lineage genealogy, to infer the VRC01 UCA and to identify two different pathways and mechanisms whereby accommodation of the N276 glycan led to broad neutralization.
RESULTS

Inference of the VRC01 UCA
To infer the UCA of the VRC01 lineage, we used 45 naturally paired IgH+IgL VRC01 lineage mAbs isolated from memory B cells of NIH donor 45, from whom the VRC01 bnAb was isolated . Of these, 36 were previously described Scheid et al., 2011; Wu et al., 2010 and 9 (DH651.1 through DH651.9) were newly isolated.
The observed members of the clone displayed high levels of SHM and multiple indels, making the inference of the VRC01 UCA substantially more difficult than that of a more typical clone of the same size. The methods available for algorithmic inference of the UCA rely on simplifying assumptions in several components, including the inference of multiple sequence alignment and phylogenetic trees, among others. The lack of appropriate models for insertions and deletions (indels), in particular, made a purely algorithmically computed inference unreliable in the context of the VRC01 lineage. Hence, we combined multiple algorithmic methods and human judgment where it was practically impossible to encode the requisite information into a statistical model. This hybrid method used to infer the VRC01 UCA is described in the STAR Methods.
The IgH and IgL sequences of the new VRC01 UCA are shown in Figure 1A . The sum of minimum expected errors over all nucleotides (nt) in the VRC01 UCA V(D)J rearrangements was estimated to be 3.4 nt for IgH and 1.2 nt for IgL. Thus, within the limits associated with any kind of inference, the VRC01 UCA offers an accurate estimate of the unmutated CDR H3 and its evolution through SHM toward the 45 observed mAbs in the lineage. VRC01 UCA CDR H3 and IgL Differ from Those of GL VRC01 Lineage Antibodies Used to Design Immunogens that Target VRC01-Class bnAb Precursors We aligned VRC01 UCA to five GL VRC01 lineage mAbs (Figure 1B; Jardine et al., 2016a; Wu et al., 2010) . The CDR H3 of the VRC01 UCA was 16 amino acid (aa) long, whereas the length of the V.Rev and VJ.Rev VRC01 lineage mAbs CDR H3s varies from 12 to 16 aa, which reflect indels in the mature mAbs used as reference ( Figures 1C and S1 ). CDR H3 aa identities to VRC01 UCA ranged from 19% (VRC06 VJ.Rev) to 63% (NIH45-46 VJ.Rev) ( Figure 1C ). The CDR H3 of VRC01 UCA contained two cysteines: Cys98 and Cys100c. Since the arrangement of disulfide bonds can affect the CDR H3 conformation and the stability of VRC01 lineage mAbs , we compared the positions of cysteines in the VRC01 UCA and the GL mAbs ( Figure 1C ). Cys98 is a signature of the VRC01 lineage and was conserved in all GL mAbs except VRC01 VJ.Rev. Conversely, Cys100c was not preserved in any of the GL mAbs and it was replaced by an aspartic acid or, in NIH45-46 VJ.Rev, by a serine ( Figure 1C ). In the mature VRC01 and NIH45-46 bnAbs, Cys98 forms a disulfide bond with Cys32 (PDB: 3NGB, 3U7W) Wu et al., 2010) , which (Kabat et al., 1991) . (B) Ig heavy (top) and light (bottom) chain alignment of VRC01 UCA to VRC01 lineage GL mAbs. The sequence of the mature VRC01 bnAb is shown as reference and mature VRC01 residues involved in interactions with gp120 Env are indicated with closed circle. (C) VRC01 UCA CDR H3 aa sequence (positions 95 through 102) aligned to CDR H3s of VRC01 lineage GL mAbs. Cysteines shown in green shade. Differences in CDR H3 length, indels, and aa identity to VRC01 UCA are shown on the right. See also Figure S1 .
is the result of a mutation in CDR H1 and therefore not present in the VRC01 VJ.Rev and NIH45-46 VJ.Rev mAbs. In VRC01 VJ.Rev, Cys98 has been intentionally mutated to Ser to remove the unpaired cysteine and stabilize the antibody whereas in NIH45-46 VJ.Rev, Cys98 remains unpaired (PDB: 4JDV and 5IGX) (Scharf et al., 2013) . In VRC03 VJ.Rev and VRC06 VJ.Rev, Cys98 forms an intra-CDR H3 disulfide bond with Cys100a (PDB: 5JOF) (Davenport et al., 2016) , which was introduced by the G100aC mutation in the mature VRC03 and VRC06 mAbs and, as in the mature mAbs (PDB: 3SE8, 5JXA, and 4JB9) (Davenport et al., 2016; Georgiev et al., 2013; Wu et al., 2011) , stabilizes a b-turn at the apex of the CDR H3 loop.
This analysis demonstrated that the Cys98 and Cys100c arrangement of the VRC01 UCA differed from that of all the GL mAbs, which retained the somatically mutated CDR H3s of the mature bnAb of reference. Thus, the observed inter-and intra-CDR H3 disulfide bond shuffling from the VRC01 UCA to the mature VRC01 lineage bnAbs suggested an additional hurdle to the development of breadth.
The VRC01 UCA IgL Vk gene segment sequence differed from the GL mAbs due to variations in the Vk gene segments used as templates for each reversion. The original VRC01 bnAb Vk gene segment assignment was Vk3-11*01 and was later revised to Vk3-20*01 Zhou et al., 2013) . Our genealogy analysis supported this later assignment. VRC03 VJ.Rev and VRC06 VJ.Rev were reverted to Vk3-20*01 whereas VRC01 VJ.Rev and VRC01 V.Rev were reverted to Vk3-11*01. NIH45-46 VJ.Rev was instead reverted to Vk3-15*01 . The GL mAbs not templated on Vk3-20*01 lack Ser31 and, consequently, have shorter CDR L1s. Overall, the light chains of the GL mAbs were more similar to the VRC01 UCA than the heavy chains ( Figure 1B) .
These data highlighted the differences between the CDR H3s and light chains of VRC01 UCA and the VRC01 bnAb lineagederived GL mAbs.
VRC01 UCA Binds to Germline-Targeting Env Forms
Immunogens intended to target VRC01-class bnAb precursors in humans have been designed using VRC01 class GL mAbs to optimize their reactivity and include eOD-GT6 and eOD-GT8 outer domain proteins , 426c gp120 Env-derived core proteins TM1DV1-3 (also reported as 426c degly3) and TM4DV1-3 cores , C13 gp120 core , and the GT1 trimer . To assess the ability of these six Env immunogens to bind to VRC01 UCA, we measured the binding kinetics of VRC01 UCA and compared it to nine GL VRC01-class mAbs derived from VRC01-class bnAbs (isolated from multiple individuals) (Table S1 ). eOD-GT8 and eOD-GT6 bound to VRC01 UCA with apparent dissociation constants (K D ) of <0.1 nM and 2.4 mM, respectively (Figure 2A ). eOD-GT8 had the most favorable apparent affinity for all the mAb tested (K D range: <0.1 nM-0.3 mM) and displayed strong affinity for Immunogen mutants with either D279K/D368R or D268R/E370A double mutation are shown in black (''KO mutants''). For the GT1 trimer, BG505 SOSIP was used as KO mutant. Results are expressed as percentage of the maximum signal obtained with an anti-IgM F(ab) 2 antibody and are representative of at least duplicate experiments.
(D) Binding of monomeric (left), heptameric (middle), and icositetrameric (right) TM4DV1-3 core (green) and eOD-GT8 (blue) to VRC01 UCA IgG. KO mutants are shown with dotted lines. Results are representative of duplicate experiments. See also Table S1, Figures S2 and S3. VRC01 UCA (K D = 0.25 nM). eOD-GT6 bound with 10,000-fold weaker affinity (K D = 2.5 mM). The GT1 trimer bound to 5 of 9 GL mAbs (apparent K D range: 3.7 nM-0.18 mM) and also bound to VRC01 UCA, albeit with much weaker affinity than eOD-GT8 (apparent K D = 3 mM). While the GT1 trimer apparent affinity to VRC01 UCA was comparable to that of eOD-GT6, it was likely overestimated due to the potential avidity effect of the trimeric configuration of GT1. TM1DV1-3, TM4DV1-3, and C13 core proteins bound to four, seven, and three GL mAbs, respectively, but did not bind to VRC01 UCA ( Figure 2A) .
Differences in eOD-GT8 apparent affinities were mainly driven by variations in off-rates (k off ), which spanned 3 orders of magnitude (k off range: < 0.01-25.92 ms À1 ) ( Figure 2B ). The fast on-rate (k on ) and slow k off of eOD-GT8 for VRC01 UCA indicated that eOD-GT8 not only optimized the complementarity for the cognate antigen but also stabilized the complex. eOD-GT6 displayed slower k on and faster k off than eOD-GT8 for VRC01 UCA and bound to most of the GL mAbs better than to VRC01 UCA. The GT1 trimer on-and off-rates for VRC01 UCA were faster than eOD-GT6 (k on = 8,000 M À1 s À1 versus 3,000 M À1 s À1 ; k off = 0.018 s À1 versus 0.068 s À1 , respectively), suggesting better GT1 trimer complementarity for VRC01 UCA but a less stable GT1:VRC01 UCA complex than eOD-GT6, despite the more favorable avidity effect of its trimeric conformation ( Figure 2B ).
Since the first step to elicit bnAbs is to activate naive B cell precursors by engaging the IgM B cell receptor (BCR), we constructed a Ramos B cell line expressing transmembrane VRC01 UCA IgM on the cell surface and measured the ability of the immunogens to mediate Ca 2+ flux. All Env forms were biotinylated and tetramerized on streptavidin to optimize BCR cross-linking (Ota et al., 2012) . eOD-GT8 displayed superior activation of VRC01 UCA IgM BCR-expressing B cells (peak % response of maximum aIgM binding: 72.3%), which was >3-fold higher than that of eOD-GT6 (peak response: 22.2%) ( Figure 2C ). As a multimer, the GT1 trimer activated B cells more efficiently than the tetrameric form of eOD-GT6 (peak response: 56.2%), possibly because of a combination of faster on-rate and higher degree of multimerization (''tetramer of trimers'') ( Figure 2C ). The tetramerized TM1DV1-3 activated IgM BCR-expressing B cells (peak response: 22.4%) despite not binding to VRC01 UCA IgG in monomeric form, whereas C13 core proteins and tetrameric TM4DV1-3 did not induce Ca 2+ flux (Figure 2C) . Further multimerization improved eOD-GT8 binding to VRC01 UCA IgG and conferred upon TM4DV1-3 binding to VRC01 UCA IgG ( Figure 2D ). Moreover, heptamerization of TM4DV1-3 was sufficient to induce activation of VRC01 UCA IgM BCR-expressing B cells (peak response: 38.2%) ( Figure S2 ).
Thus, multimerized eOD-GT8, GT1 trimer, TM1DV1-3, and TM4DV1-3 activated Ramos cells expressing VRC01 UCA IgM BCR. The different kinetics between VRC01 UCA and the GL mAbs highlighted the impact of CDR H3 on the recognition of VRC01 class naive precursors. Overall, the Env outer domain proteins (eOD-GT6, eOD-GT8) were less sensitive to differences in CDR H3. In fact, human naive B cells isolated with eOD-GT8 yielded mAbs with a variety of CDR H3 lengths and aa compositions ) that substantially differed from VRC01 UCA, with the closest Ab reaching only 50% identity to the VRC01 UCA CDR H3 ( Figure S3 ). Also, CDR H3 length has only a modest impact on naive VRC01-class B cells affinity for eOD-GT8 (Havenar-Daughton et al., 2018) . Similarly, stepwise immunization with eOD-GT6, progressively glycosylated 426c core proteins, and 426c-WT SOSIP of ES cell mice in which V H 1-2*02 and precursor VRC01 IgL were knocked in elicited mAbs with CDR H3 sequences substantially different from that of VRC01 UCA ( Figure S3 ). Despite differences in murine and human D and J H segment repertoires, on average, CDR H3 aa identity to VRC01 UCA was comparable among the two studies (21.5% for human B cells versus 20.5% for the murine B cells) ( Figure S3 ). Thus, the Env outer domain proteins bound unequivocally well to VRC01 UCA. However, while eOD-GT8 engages VRC01-class naive B cells in humans, its reactivity is not exclusive to this class (Havenar-Daughton et al., 2018) ; hence, in the context of a stepwise immunization regimen, subsequent immunogens need be engineered to promote focusing of the B cell response and steer clonal evolution toward maturation pathways that will more likely result in the development of neutralization breadth.
Early Mutations Defined Maturation Pathways with Either Broad or Limited Neutralization
The reconstruction of the VRC01 genealogy from the UCA and the inference of the unobserved maturation intermediate antibodies (IA) confirmed that the VRC01 B cell lineage evolved into three divergent clades (clade 03+06, clade 08, and clade 01+07), as previously reported , and enabled to map the stages of clonal evolution at which clade-defining mutations occurred ( Figure 3 ). The three clades diverged early during clonal maturation: clade 03+06 diverged from clades 01+07 and 08 at the first node (IA1), and clade 01+07 diverged from clade 08 at the subsequent node (IA2) (Figure 3 ). IA1 mutated 25 aa and IA2 further accumulated 9 aa mutations. Each clade further acquired distinct sets of indels in framework region (FR) H3, CDR H3, and CDR L1. Clade 03+06 inserted 21 nt at position 216 in FR H3 (IA5 node in Figure 3 ). Since FR H3 contacts the gp120 V1/V2 stem region, this insertion may render clade 03+06 mAbs more sensitive to variations in the Env V1/V2 loop . The maturation of CDR H3 and CDR L1 are shown in Figure 4 . CDR H3 underwent extensive modifications in all three clades and 80% of the mature mAbs introduced indels in this region. In clade 03+06, Asp100e and Trp100f were deleted. Trp100f is positioned 5 aa prior to the start of FR H4 and corresponds to Trp100b in the VRC01 bnAb aa sequence, which has been reported to be important for neutralization (West et al., 2012) . Our reconstruction indicated that Trp100f was the result of the primary V-D-J recombination, not affinity maturation (Figure 4) . Encouragingly, VRC01-class naive B cells with Trp100f can be sampled from the human naive B cell repertoire and enriched for using eOD-GT8 as a bait (Havenar-Daughton et al., 2018) . Sub-clade 06 inserted an additional serine at position 96 in CDR H3, which further mutated to Pro96 within the sub-clade. mAbs in sub-clade 07 did not introduce indels in CDR H3. Conversely, sub-clade 01 mAbs deleted 12 nt resulting in the deletion of the 99 SGGS 100b aa motif and the C100cD mutation, which eliminated the inter-CDR H3 disulfide bond with Cys98 and formed the Env-contacting DYN motif . Clade 08 mAbs introduced a 21-nt duplication which resulted in a 23-aa long CDR H3. Finally, clade-specific deletions developed in CDR L1, which interfaces with the Env N276 glycan: clade 03+06 mAbs deleted the aa 28 VS 29 (IA5 node), and clade 01+07 mAbs similarly deleted 28 VSS 30 at the IA3 node. CDR L1 aa sequences did not cluster within subclades as precisely as the CDR H3s. Notably, the CDR L1 of clade 08 mAbs did not acquire deletions (Figure 4) .
The neutralizing activity of VRC01 UCA and the 45 mature mAbs was assessed on a panel of 12 HIV-1 strains representative of the global diversity . VRC01 UCA did not neutralize any of the viruses tested (IC 50 > 50 mg/mL). Clades 01+07 and 08 bnAbs displayed comparable breadth (geometric mean: 86% and 89%, respectively; median: 91.7% for both clades) whereas clade 03+06 mAbs were significantly narrower (geometric mean: 51%; median: 58.3%, p < 0.01), especially subclade 06 (geometric mean: 35%; median: 41.7%) ( Figure 5A , Table S2 ). Only 26% of the strains were neutralized by clade 03+06 mAbs with IC 80 < 50 mg/mL versus 79% and 73% for clade 01+07 and clade 08 mAbs, respectively (Table S3 ). Interclade differences in potency were less pronounced (geometric mean IC 50 = 0.74 mg/mL, 0.68 mg/mL, and 2.4 mg/mL for clades 01+07, 08, and 03+06, respectively), with subclade 06 also comprising the least potent mAbs (geometric mean IC 50 = 10.5 mg/mL) ( Figure 5B ).
Thus, we identified maturation pathways off-track (clade 03+06) and on-track (clades 01+07 and clade 08) toward broad neutralization with clade 03+06 branching out at the earliest inferred intermediate (IA1). This finding suggested that a successful vaccine may need to focus early clonal maturation (''clade focusing'') on track toward clades with the broadest neutralization. The VRC01 genealogy also informed the design of immunogens targeting early maturation IAs to select for mutations on-track toward the broadest clades (i.e., 01+07 and 08) and against mutations that define the 03+06 off-track VRC01 maturation pathway. These data also demonstrated that CDR L1 shortening alone was neither an absolute requirement (e.g., VRC08) nor sufficient (e.g., VRC01 lineage antibody DH651.8) to confer broad neutralization in the VRC01 lineage (Tables S2 and S3 ).
Heavy Chain, Not CDR L1, Is the Determinant to Accommodate the N276 Glycan in VRC08 Clade Antibodies It is widely recognized that VRC01-class bnAbs evolved to accommodate the Env glycan at position N276 by either shortening or increasing the flexibility of their CDR L1 through SHM. The induction of robust VRC01-class antibody responses recognizing Envs with the N276 glycan remains, to date, elusive. Here we showed that, within the VRC01 lineage, clade 01+07 and clade 03+06 mAbs shortened their CDR L1 whereas clade 08 did not. To understand how VRC08 compensated for the subop-timal interaction between its CDR L1 and the HIV-1 Env N276 glycan, we superposed the VRC08 structure (PDB: 4XMP) onto VRC01 in the JR-FL SOSIP complex (PDB: 5FYK) (Stewart-Jones et al., 2016) ( Figures 6A and 6B) . The VRC08 epitope size on the trimer was increased by $50% (Figure 6A ) compared to VRC01 ( Figure 6B) , largely due to the increased contact surface accounted for by the elongated CDR H3, as previously noted for the gp120 monomeric complex .
To determine the relative stability of the VRC08 CDR H3 conformation in the putative VRC08 SOSIP-bound state, we performed a 50 ns molecular dynamics simulation of VRC08 Fab bound to each protomer in a glycosylated JR-FL SOSIP trimer. The average backbone root-mean square deviation (RMSD) of the three individual CDR H3 loops were 1.4 ± 0.1 Å , 1.6 ± 0.2 Å , and 1.6 ± 0.2 Å , indicating that the loops remained stable in a state similar to that of the gp120-bound crystal structure configuration (PDB: 4XMP) during the simulation ( Figure S4 and Video S1). We investigated the interface between Env N276 glycan and CDR L1 for each protomer. Throughout the simulation, the average minimum and maximum distances between the N276 a-carbon and the CDR L1 a-carbon centers of geometry were $10.0 Å and $13.5 Å , respectively, with average distances of 12.3 ± 0.5 Å , 11.3 ± 0.7 Å , and 12.2 ± 0.5 Å for each protomer. Since CDR L1s were in close contact with the N276 residues, the conformation space available to the glycans was severely limited. However, the relatively narrow distance distribution between N276 and the CDR L1 in each protomer indicated that the CDR L1 loop conformation was stable throughout the simulation (Video S2). The N276 glycosylation site is predominantly occupied by minimally processed glycans (e.g., Man 5-9 GlcNAc 2 ) in the context of trimeric SOSIP ; however, occupancy by complex glycans among naturally occurring virions may further reduce the solutions available to VRC01-class bnAbs with longer CDR L1, even though the ability of VRC08 to broadly and potently neutralize implies that unfavorable solutions on virions represent only a minority of cases.
The mature VRC08 CDR L1 was highly mutated (6 of 7 aa) and we sought to determine whether these mutations were responsible for accommodating the N276 glycan. We produced a chimeric antibody pairing VRC08 IgH with VRC01 UCA IgL (VRC08 H /UCA L ). VRC08 H /UCA L neutralized the fully glycosylated and the N276D mutant HIV-1 426c strain comparably (IC 50 = 0.71 mg/mL and 0.11 mg/mL, respectively) ( Figure 6C ). Moreover, VRC08 H /UCA L retained 50% of neutralization breadth of the mature VRC08 bnAb ( Figure 6C) . Thus, the CDR L1 mutations in the mature VRC08 bnAb, while beneficial to breadth, were not essential to accommodate the N276 glycan. These data demonstrated that VRC01-class bnAb precursors can circumvent the barrier posed by the N276 glycan to initiate broad neutralization by using IgH chains with a long CDR H3 without the need of mutating or shortening the germline-encoded CDR L1. We hypothesize that the CDR H3 elongation in VRC08 leads to an increase in enthalpy due to expanded epitope contacts. This enthalpy increase then could compensate for the entropy penalty associated with trapping the N276 glycan in a limited number of accommodating conformations without requiring a deletion in CDR L1. Thus, the Tables S2 and S3. preferential engagement of VRC01-class naive B cells with long CDR H3s may be an alternative strategy to overcome the N276 glycan barrier.
VRC01 Lineage mAbs Do Not Need to Be Auto-or Polyreactive to Broadly Neutralize VRC01 lineage bnAbs can be either polyreactive or autorective with Ubiquitin Protein Ligase E3A (UBE3A) and studies in GL VRC01-class 3BNC60 knock-in mice suggested that VRC01 class bnAb precursors may be regulated by tolerance mechanisms . We measured autoand polyreactivity of the VRC01 UCA, GL VRC01-class mAbs, and the 45 naturally paired IgH+IgL mature VRC01 lineage mAbs. VRC01 UCA was not auto-or polyreactive ( Figure S5 ). In comparison, 4 of 9 GL VRC01-class mAbs were self-reactive: VRC01 V.Rev was at the threshold for polyreactivity; VRC18b V.Rev displayed a cytoskeleton pattern in HEp2 cell IFA staining; and VRC20 V.Rev and VRC23 V.Rev were polyreactive, displayed cytoplasmic IFA staining, and bound, respectively, to centromere B and all nine autoantigens ( Figure S5) . Notably, VRC01 V.Rev, VRC18b V.Rev, and VRC20 V.Rev were among the mAbs with the most favorable binding kinetics for the immunogens designed on GL mAbs. Of the 45 mature VRC01 lineage mAbs, 36 (80%) were self-reactive ( Figure 7A ). Figure 6 . Heavy Chain, Not CDR L1, Is the Determinant to Accommodate the N276 Glycan in VRC08 bnAb and Initiate Breadth (A) Superposition of the VRC08 structure onto the JRFL SOSIP structure in complex with VRC01. Coloring scheme is as follows: heavy chain (blue), light chain (gray), CDR H3 (red), CDR H3 contact surface (cyan), gp120s (green shades), and gp41s (orange shades). Glycans are shown in stick representation. The N301 glycan was removed from the view for clarity. (B) Structure of VRC01 in complex with JR-FL SOSIP used to superpose VRC08, with same color scheme of (A). (C) Heat map analysis of neutralization data of VRC01 UCA, VRC08 H /UCA L chimera, and mature VRC08 bnAb (columns) against the 426c wild-type HIV-1 strain and its N276D mutant (in which the potential N-linked glycosylation site at position 276 was abrogated) and the 12-virus global panel. MLV-SVA is shown as negative control. Neutralization potency IC 50 is expressed in mg/mL and coloring ranges from white (>50 mg/mL) to dark red (<0.023 mg/mL). Results are representative of at least duplicate experiments. See also Figure S4 , Videos S1 and S2.
However, non-auto or polyreactive mAbs neutralized as broadly and potently as the auto-/polyreactive ones ( Figures 7B  and 7C ). Non-auto or polyreactive mAbs were distributed across the three VRC01 lineage clades and included the VRC08 bnAb, which was as broad and potent as the VRC01 bnAb. There was no correlation between neutralization breadth and potency versus polyreactivity at the alpha 0.05 level (Spearman correlation: À0.2896 and 0.2003, respectively; p > 0.05) (Figures 7D and 7E) .
UBE3A-reactive mAbs clustered exclusively in clade 01+07 and represented the majority of mAbs in this clade (19/24; 79.2%). We noted that the germline-encoded 33 YM 34 motif in CDR H1 mutated in all 45 mature mAbs and that subclade 01 predominantly mutated to 33 TL 34 ( Figure S6A ). mAbs with 33 TL 34 were significantly more reactive with UBE3A (p < 0.001; Figure S6B ). Reversion of 33 TL 34 to the germline-encoded 33 YM 34 in subclade 01 VRC01, VRC02, DH651.1, DH651.2, and DH651.4 bnAbs abrogated UBE3A reactivity ( Figure S6C ). mAbs with reversion mutations that restored the germlineencoded YM motif retained full breadth with a modest (1.4-to 2.7-fold) reduction in potency ( Figure S6D ). We introduced the T33Y and L34M reversion mutations separately in VRC01: their neutralization profiles were comparable to that of the double 33 YM 34 mutation ( Figure S6D ) and, while the single L34M reversion mutation did not affect VRC01 binding to UBE3A, T33Y was sufficient to abrogate VRC01 bnAb UBE3A reactivity (Figure S6E) . The Y33T mutation was estimated to be improbable (Y33T probability < 1% versus 28.5% of M34L; Figure S6F ) , and since Tyr33 interacts with HIV-1 envelope protein gp120 , the Y33T mutation was likely the result of strong antigen-driven positive selection in subclade 01 mAbs.
Thus, these data demonstrated that VRC01 UCA is not autoor polyreactive and that acquisition of auto-/polyreactivity by VRC01 lineage mAbs was not a requirement for development of neutralization breadth.
DISCUSSION
The lack of accurate reconstructions of the paired IgH and IgL genealogy of VRC01-class bnAb lineages from their UCA has posed substantial hurdles in devising strategies to identify and overcome roadblocks that impede the elicitation of VRC01-class bnAbs through vaccination. Here we have described the infer- ence of the UCA of the VRC01 lineage and reconstructed the stages of the VRC01 lineage maturation.
We demonstrated that existing Env immunogens designed on GL VRC01-class bnAbs bound to VRC01 UCA with affinity sufficient to activate naive B cells; that early clade focusing led to maturation pathways on-and off-track to broad neutralization; and that solutions to breadth exist that did not require shortening or increased flexibility of the CDR L1 to accommodate the Env N276 glycan.
Reproducing consistently the complex evolution of the VRC01 lineage described here (including the acquisition of extensive SHM and indels) in its entirety through vaccination is likely to be challenging. In particular, if and how the frequency of indels can be manipulated through vaccination is unknown and future studies should explore strategies to address this issue. However, our observations indicated possible alternative maturation end points that may suffice to induce or initiate the development of VRC01-class bnAbs. Inducing the maturation of VRC01-class bnAbs from unmutated precursors that can neutralize HIV-1 strains with the N276 glycan site remains a critical barrier for vaccine development. While clade 01+07 circumvented this barrier by shortening CDR L1, clade 08 mAbs retained normal-length CDR L1s and mutated their IgH with a large insertion in CDR H3. This observation raised the hypothesis that, among VRC01-class bnAb precursors with longer CDR H3 in the naive B cell repertoire, at least some will naturally bypass the N276 glycan barrier and may more readily progress to breadth. Interestingly, Havenar-Daughton et al. (2018) have recently demonstrated a modest inverse correlation between CDR H3 length and affinity of naive VRC01-class B cells to eOD-GT8, which may result in a suboptimal engagement of this subpopulation of naive B cells in presence of naive VRC01-class B cells with shorter CDR H3s. Since long CDR H3s are typically the result of the original V H DJ H recombination and antibodies using the V H 1 gene family are naturally skewed toward primary rearrangements with long CDR H3 (Briney et al., 2012) , future studies should investigate whether this subpopulation of VRC01-class precursors can be preferentially targeted through immunogen design.
Three distinct maturation pathways in the VRC01 lineage diverged early during clonal development, leading to either relatively limited (clade 03+06) or broad (clades 01+07 and 08) neutralization. That most of clade 03+06 mAbs acquired SHM leading to limited neutralization breadth emphasizes that breadth is not an end point of lineage maturation in natural infection and we speculate that, due to the polyreactive nature of the VRC01 lineage, the process of antibody redemption may have also contributed to shape its evolution (Reed et al., 2016; Sabouri et al., 2014) . Previous immunization strategies may have failed to effectively focus maturation to the desired potently neutralizing clades at the earliest stages of clonal maturation. This study identified limited sets of early, clade-defining mutations that provide a roadmap to design immunogens that will guide the selection of early intermediates on-track toward neutralization breadth . Possible end points of VRC01 maturation resulting in the acquisition of various levels of neutralization breadth with limited SHM have been described Jardine et al., 2016b) . Of them, a mAb referred to as minVRC01 reaches 84% breadth with 21 amino acid mutations, far fewer than the 69 aa mutations in VRC01 bnAb (excluding mutations in CDR H3 and the CDR L1 deletion) (Jardine et al., 2016b) . However, this was achieved starting from a mature CDR H3 and a shortened CDR L1, which is a rate-limiting maturation event. In addition, 15 of the 21 aa mutations in minVRC01 are improbable (unpublished data), suggesting that the pathway to minVRC01 will be challenging to elicit. Together with new computational tools that assign the probability of specific mutations throughout clonal maturation , the VRC01 genealogy described here enables a more precise definition of the most efficient routes to neutralization breadth in the VRC01 lineage. Antibody mutations occur with varying frequencies prior to selection due to the stochastic nature of the SHM process (Betz et al., 1993; Pham et al., 2003; Victora and Nussenzweig, 2012) and, while the detailed genealogy provides a map of the mutational routes, information about the probabilities of mutations prior to immunogenic selection along those routes helps in defining how difficult (or easily) these mutations can be selected. Beneficial mutations that are probable should be readily available in germinal centers due to normal immune activation. Conversely, beneficial improbable mutations require strong selective pressure to arise during SHM and can act as bottlenecks in the development of bnAbs . Mutations detrimental to neutralization can be barriers to bnAb lineage development as well and, if detrimental mutations are also highly probable, they can act as diverting forces for B cell maturation, directing a component of a clone off-track. The implications for vaccine development are that critical improbable mutations represent the highest value targets for selection in vaccine design strategies and, concurrently, detrimental probable mutations may need to be selected against.
In conclusion, the reconstruction of the VRC01 lineage UCA, the higher level of detail of the routes to neutralization breadth through the newly reconstructed VRC01 genealogy, and a better understanding of the probabilities of individual mutations in the lineage provide a valuable dataset to design immunogens that will efficiently select for B cell maturation pathways leading to broad neutralization.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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Produced in house GenBank: KP840666, KP840697 VRC01 V.Rev Wu et al., 2010 See Table S1 VRC03 V.Rev This paper See Table S1 VRC18b V.Rev This paper See Table S1 3BNC60 V.Rev This paper See Table S1 3BNC117 V.Rev This paper See Table S1 12A12 V.Rev This paper See Table S1 VRC20 V.Rev This paper See Table S1 VRC23 V.Rev This paper See 
Antibody production
Immunoglobulin genes of mAbs DH651.1 through DH651.9 were amplified from RNA from isolated cells, expression cassettes made, and mAbs expressed as described (Gao et al., 2014; Liao et al., 2009) . Heavy chain plasmids were co-transfected with appropriate light chain plasmids at an equal ratio in Expi293 cells using ExpiFectamine 293 transfection reagents (Thermo Fisher Scientific) according to the manufacturer's protocols and using the enhancer provided with the kit. Transfected cultures were incubated at 37 C 8% CO 2 for 2-6 days, harvested, concentrated and incubated overnight with Protein A beads at 4 C on a rotating shaker before loading the bead mixture in columns for purification; following PBS/NaCl wash, eluate was neutralized with trizma hydrochloride and antibody concentration was determined by Nanodrop. Purified antibodies were tested in SDS-Page Coomassie and western blots, and stored at 4 C. Thirty-six additional monoclonal antibodies in the VRC01 lineage for which naturally paired IgH and IgL sequences were previously described Scheid et al., 2011; Wu et al., 2010; were produced using the same method. Amino acid positions are expressed using the Kabat numbering system (Kabat et al., 1991) . Alignments were performed using Bioedit and EMBOSS Water. (https://www.ebi.ac.uk/Tools/psa/emboss_water/).
Inference of the VRC01 clonal history including UCAs and unobserved intermediates
The hybrid method used to infer the VRC01 UCA and the unobserved IAs is as follows. First, we use our software Cloanalyst (Kepler, 2013; Liao et al., 2013) to verify the clonal relatedness of the candidate members. Briefly, Cloanalyst computes the summed logmarginal likehoods over subsets of the candidate sequences, each subset treated as an independent clone, and identifies that subset that maximizes that quantity. That subset, in this case, was the complete set, indicating that all observed members belong to the same clone. We then performed a multiple sequence alignment using Clustal Omega (Sievers and Higgins, 2014) , and after manual adjustment of the resulting gaps to minimize the number of columns containing gaps, we removed all columns containing gaps. We then used PhyML (Guindon et al., 2010) , provided online by the server at http://www.phylogeny.fr/, using the HKY85 substitution model, to infer the maximum likelihood trees for the heavy-and light-chain collections separately. We performed 100 bootstrap replicates to identify weakly supported branches. We then concatenated the heavy-and light-chain sequences from each observed antibody, leaving the inferred gaps intact, and used Phylip's DNAML (Felsenstein, 2005) to estimate the maximum likelihood tree common to both heavy and light chains. We used five classes of mutation rates in the discrete-gamma model of rate variation, and a base rate in which the heavy chain mutates at twice the rate of the light chain. We then computed the UCA and the unobserved IAs using Cloanalyst, performing a Bayesian average over all viable combinations of rearrangement parameters with prior distributions on recombination parameters obtained using data from an independent study. We then manually readjusted the precise locations of the indels to account for the locations of the recombination points in the most-probable gene segments involved in the UCA. We recomputed the joint maximum-likelihood tree and the heavy-and light-chain UCAs.
Cloanalyst estimates the expected error in each base of the inferred UCAs conditional on the phylogenetic tree and on the multiple sequence alignment, i.e., the positions of the indels. Since in this case, both the phylogenetic tree and the multiple sequence alignment are subject to non-negligible uncertainty, the estimates of the expected errors should be regarded as minimum estimates. If we were able to average over trees and alignments as well, these expected errors might be substantially larger.
Surface Plasmon Resonance Affinity and Kinetics Measurements
Dissociation (K D ) and rate constants (k on , k off ) were measured using the Biacore S200 (GE Healthcare). CM5 sensor chips (or CM3 for SOSIP proteins) were used to directly immobilize antibodies to a level of approximately 2000-3000RU. Proteins were diluted from 0.5nM-4000nM (0.1 mg/mL-150 mg/mL) in HBS-EP+ 1 3 buffer and then injected over the antibody immobilized surfaces for 5 min at 50 mL/min. The 5 min analyte injection was followed by a 10 min dissociation period with buffer wash and then a 20 s injection pulse of Glycine pH2.0 for regeneration. Kinetics results were analyzed using the Biacore S200 Evaluation Software (GE Healthcare). A negative control antibody (Ab82) and buffer binding were used for double reference subtraction to account for non-specific binding and signal drift. Subsequent curve fitting analysis was performed using a 1:1 Langmuir model with a local R max and the reported rate constants are representative of 2 measurements. Exceptions to the above curve fitting model included some BG505 trimeric protein interactions, which were analyzed using the bivalent analyte model and for some core protein interactions, which were analyzed using the heterogeneous ligand model.
Biolayer Interferometry (BLI)
BLI assays were performed on the Octet Red instrument at 30 C with shaking at 1,000 RPM. Anti-Human IgG Fc capture (AHC) biosensors (Fortebio) were immersed into PBS containing 20mg/ml VRC01 UCA IgG for 240 s. A baseline signal was recorded for 1 min in kinetics buffer (KB: 1X PBS, 0.01% BSA, 0.02% Tween 20, and 0.005% NaN 3 , at pH 7.4). Sensors were then immersed into solutions containing 2mM of monomeric, heptameric, or icositetrameric eOD-GT8, eODGT8 D279K/D368R, 426c TM4DV1-3 or 426c TM4DV1-3 D368R/E370A glycoprotein for 300 s to measure association, followed by immersion in KB for 300 s to measure dissociation. All measurements of antibody binding were corrected by subtracting the signal obtained from simultaneous traces performed with the corresponding envelopes in the absence of antibody, using PBS only.
